1. Introduction {#s0005}
===============

Imatinib mesylate (IM; C~29~H~31~N~7~O•CH~3~SO~3~H) ([Fig. 1](#f0005){ref-type="fig"}), also known by its brand name Gleevec/Glivec, is a chemotherapy medication used to treat cancer. IM is considered a pioneer protein kinase inhibitor developed for targeted cancer chemotherapy and is specifically used for the treatment of chronic myeloid leukaemia (CML) and acute lymphocytic leukaemia (ALL) that is Philadelphia chromosome-positive (Ph+). It is also used for treating certain types of gastrointestinal stromal tumours (GIST), systemic mastocytosis as well as for myelodysplastic syndrome. The target of protein kinase inhibitors is not DNA, so due to their high specificity for tumour cells they are regarded less toxic to non-target cells and a promising approach in cancer therapy ([@b0005], [@b0015], [@b0050], [@b0055], [@b0180], [@b0205], [@b0215], [@b0275]).Fig 1Chemical structure of imatinib mesylate.

IM is a dihydrophenylaminopirimidine derivative that targets BCR-ABL kinase. Although IM is an effective BCR-ABL inhibitor, it can affect the catalytic activity of platelet-derived growth factor and c-KIT receptors. IM binds to the inactive conformation of BCR-ABL fusion protein and prevents dephosphorylation of ATP. Subsequently, the conformational changes needed for the oncoprotein's kinase activity are suppressed. Inhibition of BCR-ABL catalytic activity initiates the proapoptotic signalling pathways and death of Ph^+^ leukemic cells. Nevertheless, CML stem cells are not as sensitive towards an IM-induced apoptotic effect, despite BCR-ABL activity being inhibited ([@b0035], [@b0045], [@b0070], [@b0085], [@b0090], [@b0175], [@b0270]).

Generally, IM has low rates of severe non-haematological side effects and tolerable haematological toxicity ([@b0140], [@b0285]). However, recent studies on patients receiving IM revealed cytogenetic abnormalities in haematopoietic cells negative for Philadelphia chromosome (Ph^--^) ([@b0285]). Even though IM showed minimal toxicity and a good safety profile ([@b0010]), still up to 8% of patients treated with IM stop their treatment due to IM's cytotoxicity ([@b0200], [@b0260]).

Previously we performed an evaluation of IM genotoxicity in cultured human and fish cells ([@b0225]). Assessing cyto/genotoxicity *in vitro* using human peripheral blood lymphocytes (HPBLs), human hepatoma (HepG2) cells, and zebrafish liver (ZFL) cells, we observed IM's potential to induce cytogenetic damage. Genotoxicity was evaluated with the micronucleus test and comet assay. Results showed that ZFL cells and HPBLs were similarly sensitive to IM cytotoxicity, though HepG2 cells proved to be less sensitive. IM managed to induce primary DNA damage in HepG2 and ZFL cells at non-cytotoxic concentrations, while this was not the case for HPBLs. Higher micronuclei (MNi) frequency was detected in HPBLs and ZFL cells. Moreover, IM-treated HPBLs also had a higher frequency of nuclear buds (NBUDs) and nucleoplasmic bridges (NPBs), indicating that it has the potential to induce genome damage in normal non-target cells as well. What remained unclear are the possible mechanisms of action (MoA) responsible for its toxic effects.

Therefore, the present study aimed to investigate the response of IM-treated human peripheral blood cells (HPBCs) toward oxidative stress induction as one of the possible MoA of IM-induced cyto/genotoxicity *in vitro*. This was done by using concentrations relevant for therapeutic as well as occupational and environmental exposure ([@b0225], [@b0240]). The contribution of oxidative stress in IM's cytotoxicity and genotoxicity was evaluated by determining the antioxidant defence system, the lipid peroxidation (LPO), and the concentration of oxidised proteins (OXP), by using glutathione (GSH), malondialdehyde (MDA), and protein carbonyls' (PC) as biomarkers ([@b0020], [@b0025], [@b0105], [@b0150]). Moreover, modified comet assay protocol employing formamidopyrimidine-DNA glycosylase (Fpg)-enzyme was also used for the oxidative DNA damage detection ([@b0065], [@b0170], [@b0165]). The comet assay (*in vitro*) is suggested as an alternative test to cytogenetic assays for screening the early genotoxicity of drug candidates ([@b0100], [@b0280]). Furthermore, the study brings up new findings on the IM impact on oxidative stress markers, which will clarify the MoA of IM-induced cyto/genotoxicity in normal human non-target cells.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

Imatinib mesylate (IM; CAS N^o^ 220127-57-1, MW 589.71 g/mol) was from Santa Cruz Biotechnology (Dallas, US). Fpg FLARE™ Assay Kit was from Trevigen Inc. (Gaithersburg, US); potassium dihydrogen phosphate (KH~2~PO~4~) was from Merck (Darmstadt, Germany); heparinised vacutainer tubes were from Becton Dickinson (Franklin Lakes, US); 1,1,3,3-tetramethoxy propane (TMP), 5,5′-ditiobis-2-nitrobenzoat (DTNB), ethidium-bromide (EtBr), histopaque, low melting point (LMP) agarose, and thiobarbituric acid (TBA) were from Sigma (St Louis, US). All other reagents were laboratory-grade chemicals from Kemika (Zagreb, Croatia).

2.2. Blood sampling and treatment procedure {#s0020}
-------------------------------------------

Whole blood was taken from the antecubital vein in heparinised vacutainer tubes from two young male healthy donors ≤35 years of age (28 and 35 years of age), non-smokers, with no medical record or acute health conditions. According to a filled-in questionnaire, they had not been exposed to chemicals or diagnostic radiation that could confound the results of biomarkers assessed for at least six months. The Ethics Committee approved the project of which this study was part and the donors signed an informed consent before taking part in the study. The whole blood was exposed to IM at various concentrations (0, 0.0001, 0.001, 0.01, 0.1, 1 and 10 µg/ml) for 4 and 24 h and was used for the determination of oxidative stress responses. Each experiment was repeated at least two times according to the standard protocols listed below.

2.3. Glutathione (GSH) assay {#s0025}
----------------------------

The level of GSH in whole blood samples after IM (0.0001, 0.001, 0.01, 0.1, 1 and 10 µg/ml) treatment was determined using Ellman\'s reagent ([@b0120]). Blood samples (800 μL) were treated with an equal volume of 5% TCA to precipitate proteins and were then centrifuged for 10 min at 3500 g. After centrifugation, 500 μL of supernatant was mixed with 300 μL phosphate buffer (pH 7.4) and 50 μL DTNB (1 mM). Absorbance was measured spectrophotometrically (T70, PG Instruments Ltd., Leicestershire, UK) at 412 nm. The concentrations of GSH in the samples were calculated according to the molar absorption coefficient that was re-evaluated and calculated to be 14.15 × 10^3^ M^−1^ cm^−1^ at 412 nm and 25 °C ([@b0125]). The results are expressed as µM.

2.4. Lipid peroxidation (LPO) assay {#s0030}
-----------------------------------

The level of LPO was determined by the MDA concentration in whole blood samples after IM (0.0001, 0.001, 0.01, 0.1, 1 and 10 µg/ml) treatment as described previously in detail ([@b0115]) with minor modifications. Briefly, 400 μL H~3~PO~4~ and 100 μL TBA were added to 50 μL of diluted blood sample (20×) or standard (TMP was employed as MDA standard). Samples were mixed and incubated for 30 min at 90 °C and subsequently analysed using high performance liquid chromatography (HPLC) on an HPLC (Knauer, Berlin, Germany) with an fluorescent detector (Hitachi Merck). The mobile phase consisted of 50 mM KH~2~PO~4~ and methanol, and the flow rate was set at 1 mL/min. Separation was performed on an analytical column C-18 reverse-phase (LiChrospher, Merck) with 5 μm particles (125 × 4 mm) and the fluorescent detector wavelengths were set at λ~ex~ 527 nm and λ~em~ 551 nm. The MDA levels in the tested samples were calculated using the calibration curve (r^2^ = 0.9923) and the results were expressed as µM.

2.5. Protein carbonyl (PC) assay {#s0035}
--------------------------------

The PC plasma concentration, as a measure of OXP, was determined using 2,4-dinitrophenylhydrazine (2,4-DNPH) after IM (0.0001, 0.001, 0.01, 0.1, 1 and 10 µg/ml) treatment as described in details previously ([@b0110]). The samples were analysed in duplicate and absorbance was read at 370 nm on a UV--Vis spectrophotometer (T70, PG Instruments Ltd.). The concentration of PC in the samples was calculated using a molar absorption coefficient of ε = 22 × 10^3^ M^−1^ cm^−1^. The results are expressed as µM.

2.6. Oxidative DNA damage (Fpg-modified comet) assay {#s0040}
----------------------------------------------------

The analysis of the formation of oxidative base damage was done using a modified Fpg FLARE™ Assay Kit (Trevigen Inc.) with minor modifications as described in detail previously ([@b0160], [@b0155]). Briefly, after the IM treatment, the whole blood was embedded in an agarose matrix and lysed at 4 °C. Next, the slides were treated with either 100 μL of Fpg-enzyme or buffer only (control) for 30 min at 37 °C, placed into alkaline solution (300 mM NaOH, 1 mM Na~2~EDTA, pH 12.1) for 40 min and electrophoresed for 20 min at 1 V/cm. Lastly, the slides were neutralised, stained with EtBr (10 μg/ml) and the comets were analysed at ×250 magnification by an epifluorescence microscope (Zeiss, Göttingen, Germany) linked to an image analysis system (Comet Assay II; Perceptive Instruments Ltd., Haverhill, Suffolk, UK). The level of oxidative DNA damage was expressed as percentage of DNA in the tail with a total of 100 nuclei scored from each slide.

2.7. Statistical evaluation {#s0045}
---------------------------

Analyses were performed using GraphPad Software (La Jolla, USA) and STATISTICA 13.2 (Dell Inc., Round Rock, USA). Descriptive statistics was used to assess the basic statistical parameters. The difference in oxidative stress parameters between the control and exposed samples was determined by Student *t*-test. The comet assay results were logarithmically transformed to equalise the variances and normalise the distribution. Afterwards, ANOVA multiple comparisons between groups were done with Newman-Keuls *post hoc* analysis. Statistical significance was set at the level of *P* \< 0.05.

3. Results {#s0050}
==========

3.1. Changes in glutathione (GSH) level {#s0055}
---------------------------------------

GSH level was monitored in whole blood samples after IM treatment ([Fig. 2](#f0010){ref-type="fig"}A). The results showed that treatment with lower IM concentrations (0.0001 and 0.001 µg/mL) induced an increase of GSH level, after 4 and 24 h treatment. On the contrary, higher IM concentrations resulted in a statistically significant (*P* \< 0.05) decrease of GSH level at ≥ 1 µg/mL after 24 h exposure.Fig 2The level of oxidative stress markers, glutathione (GSH) in whole blood samples (A), malondialdehyde (MDA) used as an index of lipid peroxidation (LPO) of membranes in whole blood samples (B) and protein carbonyls (PC) used as an index of oxidised proteins (OXP) in plasma samples (C) after exposure to imatinib mesylate (IM) at different concentrations (0, 0.001, 0.01, 0.1, 1 and 10 mg/mL) for 4 and 24 h evaluated using either high-performance liquid chromatography (HPLC) or spectrophotometry. A significant difference was determined with Student *t*-test (\*P \< 0.05). Data on the figures are presented as the mean values of the increase/decrease in GSH, MDA and PC in treated samples over the background level in the control samples.

3.2. Lipid peroxidation (LPO) induction {#s0060}
---------------------------------------

To further assess the extent of oxidative stress in IM toxicity, whole blood MDA level was assessed in treated samples ([Fig. 2](#f0010){ref-type="fig"}B). After 4 and 24 h of exposure, a statistically significant (*P* \< 0.05) increase of MDA was detected at ≥0.1 and ≥0.01 µg/ml, respectively.

3.3. Induction of oxidised proteins (OXP) {#s0065}
-----------------------------------------

Moreover, the plasma PC concentration (as a marker of OXP) was assessed in IM-treated samples ([Fig. 2](#f0010){ref-type="fig"}C). After 4 and 24 h of exposure, a statistically significant (*P* \< 0.05) increase in PC was noticed at ≥1 and ≥0.01 µg/ml, respectively.

3.4. Induction of oxidative DNA damage {#s0070}
--------------------------------------

The Fpg enzyme which excises oxidised pyrimidines and purines, was used as the comet assay modification so the formation of oxidative DNA adducts in HPBCs was assessed ([Fig. 3](#f0015){ref-type="fig"}A and B). A significant change (*P* \< 0.05) in oxidised DNA damage in HPBCs was detected only after a longer exposure period at ≥10 µg/mL ([Fig. 3](#f0015){ref-type="fig"}B).Fig 3Induction of oxidative DNA damage in human peripheral blood cells (HPBCs), after exposure to imatinib mesylate (IM) at different concentrations (0, 0.001, 0.01, 0.1, 1 and 10 mg/mL) for 4 (A) and 24 (B) h evaluated by the Fpg-modified comet assay. The % of tail DNA was determined in 100 nuclei per slide. Significant difference was determined with Newman-Keuls post-test (\*P \< 0.05) between Fpg-digested and non-digested samples. Data on the figures are presented as the mean values of the increase in % DNA in comet tail over the background level in control cells.

4. Discussion {#s0075}
=============

After we noticed in our previous study ([@b0225]) that IM is capable of inducing genome damage in normal human non-target cells, we designed this study to evaluate IM-treated oxidative stress in human circulating blood cells as an underlying mechanism of its genotoxicity. [@b0060] reported several preclinical toxicological results that were needed to approve IM use. Previously conducted studies showed that IM is not mutagenic using mouse lymphoma assay or the Ames test. Similarly, in the *in vivo* rat bone marrow micronucleus (MN) assay, IM did not increase MN frequency. However, in the presence of metabolic activation and at the highest concentration tested, IM was clastogenic in the Chinese hamster ovary cell assay. The potential toxicity might also be attributed to impurities of the drug that arise from manufacturing intermediates. Both intermediates were mutagenic using the Ames test and one showed genotoxic potential *in vitro*. Furthermore, studies also indicated that IM managed to induce DNA damage in crustaceans along with the inhibition of their reproduction. The reproduction inhibition was also observed in cyanobacteria and algae, while in higher plants, it increased MNi frequency and reduced fertility ([@b0040], [@b0060], [@b0210], [@b0220], [@b0225], [@b0235], [@b0230], [@b0245], [@b0275]).

Based on our previous results using HPBLs, IM exposure did not induce primary DNA damage assessed using the comet assay. However, IM induced genomic instability as evaluated by the CBMN assay ([@b0225]). When tested in combination with 5-fluorouracil and etoposide in HPBLs *in vitro*, the selected mixture induced genome and cell damage at environmentally relevant concentrations. The changes in the oxidative stress parameters tested suggested impact of ROS in the cytotoxicity and genotoxicity of the IM-containing mixture ([@b0160]).

According to the results from this study, IM influenced all of the oxidative stress parameters tested. To be more precise, lower concentrations of IM induced an increase of GSH level, following its decrease at higher IM concentrations indicating impairment in oxidative stress defences. Parallel to a GSH decrease, an increase of MDA and PC level was observed indicating oxidative damage of lipids and proteins in the tested cells.

To assess the role of oxidative DNA damage in IM genotoxicity, we used the Fpg enzyme. This lesion-specific endonuclease can recognize specific oxidatively damaged DNA bases and generate additional breaks to aid in the detection of oxidative DNA damage in a modified comet assay ([@b0080], [@b0250], [@b0265]). Fpg catalyses the excision of a lethal lesion; 8-oxoguanine, a highly mutagenic lesion and probably the most important biological substrate of Fpg; open ring forms of 7-methylguanine, including 2,6-diamino-4-hydroxy-5-N-methylformamido-pyrimidine, and 4,6-diamino-5-formamidopyimidine, 5-hydroxycytosine and 5-hydroxyuracil; imidazole ring opened N-2-aminofluorene-C8-guanine, and the aflatoxin-bound imidazole-ring-opened guanine ([@b0195]). The removal of specifically oxidized DNA bases by Fpg enzyme leads to the formation of apurinic-apyrimidinic (AP) sites. Such DNA aberrations are then cleaved by AP-lyases creating a gap in the DNA strand. This way, the modified comet assay is able to detect those oxidation-induced gaps ([@b0065]). Based on our results, the oxidative changes observed on the protein and lipid level coincided with the formation of oxidative damage of DNA bases.

The BCR/ABL positive human leukemic cells were susceptible to IM-induced DNA damage, assessed by the comet assay, unlike normal human lymphocytes and BCR/ABL negative leukemic cells ([@b0075]). The same study concluded that the production of free radicals led to alkylation and oxidation of nucleic bases and formation of DNA damage. The suggested MoA was the indirect ROS-mediated DNA damage that was more probable than the direct formation of DNA strand breaks. Furthermore, [@b0095] investigated the interaction of DNA with the IM in bulk solution and at a dsDNA-electrochemical biosensor using differential pulse voltammetry. They found that IM could bind to dsDNA and that such interaction could induce changes in the dsDNA structure. The oxidative DNA damage and *in situ* electrochemical generation of IM redox metabolites can be detected using a dsDNA-biosensor. More precisely, the interaction between DNA and IM is more probable at segments with enriched adenine. This results in the generation of 2,8-dihydroxyadenine, one of the most usual IM-induced oxidation products inside the DNA double helix. Based on these results, the authors proposed that IM molecules interact with dsDNA, triggering a distortion of the double helix.

The principal mechanism of IM chemotherapy is the blocking of the ATP binding site of target tyrosine kinases (such as ABL, PDGFR, KIT). [@b0135], [@b0130]) suggested that IM genotoxicity in non-target cells could arise from the inhibition of some normal cells' targets. The Abl kinase is linked with several stress signalling pathways and is an important protein regulating processes such as apoptosis, DNA repair, and cellular growth arrest ([@b0145], [@b0190]). IM-mediated inhibition of Abl could also predispose cells to replication of damaged DNA, which, by interference with DNA repair and inhibition of cell-cycle arrest and apoptosis, can lead to genomic instability. ATP-binding domains are stereochemically conserved among different kinases; hence, inhibitors directed at the ATP binding site are not completely specific for the targeted kinases. IM also inhibits the serine-threonine kinase Raf-1 ([@b0085]), some other kinases ([@b0185]), and even non-kinase targets ([@b0030]). Conservation of the domain organisation of tyrosine kinase proteins is relatively high even between distantly related organisms ([@b0255]). Therefore, IM may inhibit kinases involved in the induction of genotoxicity.

In conclusion, the results of the present study indicate that IM influenced all of the tested oxidative stress markers. Lower concentrations of IM induced an increase of GSH level, following its decrease at higher IM concentrations indicating impairment in oxidative stress defences after the treatment. At the same time, we observed an increase in PC as well as MDA concentration suggesting the induction of OXP and LPO, respectively. These changes overlapped with the formation of oxidative base damage detected by the Fpg modified-comet assay indicating oxidative DNA lesions-inducing IM potential. Our results provide up-to-date knowledge of IM-induced cyto/genotoxicity MoA. Although the IM can affect cancer cells, it is also potentially toxic to normal non-target blood cells by inducing oxidative changes to lipids, proteins, and DNA. Nevertheless, based on the accumulated evidence, IM has a favourable toxicity and side effect profile with benefits that outweighs the potential risks.
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